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Although charge density wave (CDW) correlations appear to be a ubiquitous feature of the su-
perconducting cuprates, their disparate properties suggest a crucial role for coupling or pinning of
the CDW to lattice deformations and disorder. While diffraction intensities can demonstrate the
occurrence of CDW domain formation, the lack of scattering phase information has limited our
understanding of this process. Here, we report coherent resonant x-ray speckle correlation analy-
sis, which directly determines the reproducibility of CDW domain patterns in La1.875Ba0.125CuO4
(LBCO 1/8) with thermal cycling. While CDW order is only observed below 54 K, where a struc-
tural phase transition results in equivalent Cu-O bonds, we discover remarkably reproducible CDW
domain memory upon repeated cycling to temperatures well above that transition. That memory
is only lost on cycling across the transition at 240(3) K that restores the four-fold symmetry of
the copper-oxide planes. We infer that the structural-domain twinning pattern that develops below
240 K determines the CDW pinning landscape below 54 K. These results open a new view into the
complex coupling between charge and lattice degrees of freedom in superconducting cuprates.
Holes doped into the Mott insulating parent com-
pounds of the high temperature superconducting
cuprates experience strong interactions with the anti-
ferromagnetic background and with each other, as well
as with the lattice in which they reside [1]. The Hub-
bard Hamiltonian, often used to model the cuprates, pre-
dicts that CDW fluctuations are an intrinsic property of
strongly interacting electrons in pristine, undistorted 2D
square lattices [2, 3]. CDWs have indeed been observed in
essentially all hole doped cuprates, but with distinct tran-
sition temperatures, correlation lengths and wavevectors
[4–11]. This is epitomized by comparing two very simi-
lar cuprates that have slightly different low temperature
crystal structures: La1.875Sr0.125CuO4 (LSCO 1/8) and
LBCO 1/8. LSCO 1/8 has weak CDW correlations and
is a bulk superconductor below its transition tempera-
ture of Tc = 28 K [8, 12–15]; whereas LBCO 1/8 has
well correlated CDW order that almost completely sup-
presses bulk superconductivity into what is proposed to
be a two dimensional (2D) superconducting pair density
wave state [16–20]. As the main difference between these
compounds is a subtle change in the crystal structure
[21], it is evident the lattice that hosts the CDW corre-
lations has a dramatic influence on the properties of the
CDW and the superconducting ground state.
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Multiple types of lattice deformation or disorder are
present in cuprates including that of interstitial oxygen
atoms, chemical substitutions as well as local and long-
range tilting of the Cu-O octahedra, all of which have
been proposed as possible CDW pinning features that
stabilize CDW order [4, 22–28]. One widely discussed
lattice deformation in this context is the low tempera-
ture tetragonal (LTT) phase in LBCO, in which octa-
hedral tilts define a preferential direction for stripe pin-
ning within each CuO2 plane [4, 21, 23]. While the low
temperature orthorhombic (LTO) phase is common for
both LBCO and LSCO, the LTT structural transition is
a special feature in LBCO that coincides with the CDW
formation. Fully understanding this process is, however,
hampered by a lack of experimental techniques that are
sensitive to the phase of the CDW order parameter. To
this end, we implemented coherent resonant x-ray speckle
correlation analysis as a tool for probing CDW domain
pinning in the cuprates, choosing LBCO 1/8 as the model
system due to its LTT structure and particularly large
CDW correlation length. We discover strikingly repro-
ducible CDW domain formation upon repeated thermal
cycling well above its transition temperature and show
that the CDW pinning memory is defined by structures
that form at the LTO transition rather than disorder or
the LTT transition that appears alongside CDW order.
EXPERIMENT AND RESULTS
Although CDW pinning can dramatically change the
superconducting ground state, directly observing CDW
pinning and tracking its changes with temperature are
very challenging tasks. Much of the difficulty is that one
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FIG. 1. Experimental setup. (a) The scattering geometry
in which coherent x-rays illuminate the masked LBCO 1/8
sample and the CDW Bragg peak is measured on a CCD
detector. (b) A SEM image of the LBCO 1/8 single crystal
with a Au mask fixed on top. Numbers 1-16 indicate the
sixteen pinholes drilled in the Au mask using a focused ion
beam (FIB) prior to being fixed on the crystal. (c) A zoomed
SEM image of pinhole #10, through which most of our data
were taken.
must combine a technique that is sensitive enough to de-
tect the CDW domain spatial arrangement, which we will
call “texture”, with the ability to reproducibly illuminate
the same sample volume over a wide temperature range.
Figure 1 shows how we have addressed the problem using
coherent resonant x-ray diffraction: a scattering method
that measures the interference between scattering from
different domains in the CDW texture as a “speckle” pat-
tern. Our innovation, reported here, is to attach a mask
with a microscopic pinhole to the sample, which we over-
fill with the coherent x-ray beam to ensure we illuminate
the same sample volume despite possible temperature in-
duced drifts of the sample position.
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FIG. 2. Temperature dependence of the CDW speckle posi-
tions within the ordered state. (a) A detector image of the
LBCO 1/8 CDW Bragg peak at 24 K at Q = (0.236, 0, 1.5).
The color-bar denotes intensity in photons/second, and the
white bar at the bottom indicates 100 detector pixels (0.0025
r.l.u). (b-g) The temperature dependence of speckle positions
as the temperature was raised from 24 to 46 K. Zoomed-in
speckle images are taken from the same detector area indi-
cated by the red box in (a). Despite the broadening and weak-
ening of the CDW Bragg peak, the speckles tend to persist in
similar locations to 46 K, above which the speckle intensity
becomes too low and noise dominates the signal.
An LBCO 1/8 single crystal was aligned to the CDW
Bragg condition at wavevector Q = (0.236, 0, 1.5) (see
Methods). We furthermore tuned the x-ray energy to
the Cu L3-edge resonance around 931 eV in order to en-
hance our sensitivity to the weak CDW. In this condition
the incident x-ray angle is θi = 88
◦ with respect to the
[001] sample surface and the detector angle is 2θ = 119◦.
Such an approach has been used extensively to study the
average CDW properties [5–9, 29–31]. The very high co-
herent flux (1013 photons/s) at the 23-ID-1 beam line at
the National Synchrotron Light Source II opens up the
possibility of observing coherent interference between the
domains of a weakly scattering order parameter such as
cuprate CDWs [32, 33]. This was configured to produce
a beam of approximately 20 µm at the sample overfilling
the 10 µm pinhole in the Au mask attached to the sample
(see Methods).
Figure 2(a) plots a detector image at the CDW Bragg
condition, which is zoomed in panels (b)-(g). The ex-
tent of the observed peak (in this case ∼ 4× 10−3 A˚−1)
is inversely proportional to the CDW correlation length
(or domain size) similar to what is seen in conventional
scattering. The speckle modulations on top of the peak
envelope arise from coherent interference between differ-
ent CDW domains. The average size and elongated shape
of the speckles on the detector is determined primarily
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FIG. 3. (a) Temperature dependence of normalized CDW
peak intensity (blue) and lattice parameters reproduced from
[34] (orange). The CDW transition coincides with the LTT
structural transition at TLTT. A second lattice transition
occurs at TLTO. The inset images represent the octahedral
tilts associated with the LTT, LTO and HTT phases. (b)
CDW speckle images taken at 24 K. The black arrows indi-
cate the temperature cycling between images. Tcycle indicates
the highest temperature that sample was brought to during a
temperature cycle.
by the geometry of the experiment and the extent of the
illuminated sample volume, which is fixed by the 10 µm
pinhole and ∼ 100 nm x-ray penetration depth [Fig. 1(a)]
[35]. Therefore, the speckle size and shape do not im-
mediately provide information on the sample properties.
The speckle locations, however, are highly sensitive to
the CDW domain positions and can therefore be used to
test for changes in the CDW domain texture as a function
of temperature [36–38]. In LBCO 1/8, static CDW order
exists at low temperatures with a correlation length of
240 A˚. This can be directly verified with x-rays by not-
ing that the speckle pattern does not vary as a function
of time as reported previously [32, 33]. With increas-
ing temperature the CDW correlation length decreases
and the CDW Bragg peak disappears coincident with
TLTT = 54 K (Fig. S3, [29, 30, 32, 39–41]). The tempera-
ture dependence of the CDW peak intensity is explicitly
compared with the LTT to LTO structural phase transi-
tion in Fig.3 (a). We measured a range of temperatures
from 24 up to 46 K (the highest temperature for which
we have sufficient CDW signal in order to observe the
speckle locations). At all temperatures, the speckle loca-
tions were found to persist as illustrated in Fig. 2(b)-(g).
Next we studied the reproducibility of the CDW do-
main texture after thermal cycling. Speckle images were
taken at 24 K successively before and after the sam-
ple temperature was cycled to Tcycle as we illustrate in
Fig. 3 (b). After cycling to Tcycle = 180 K, a temper-
ature well above the CDW transition temperature, the
speckle patterns are strikingly similar [see panels (i) and
(ii)]. However, as the sample was heated to higher tem-
peratures, the degree of reproducibility dropped, and by
Tcycle = 320 K, their positions completely changed as
seen in panels (ii) to (iv).
In order to quantitatively compare speckle positions,
and identify the onset temperature of this change,
we calculated the normalized cross-correlation function.
Speckle images were background subtracted as described
in the Supplementary Information Section S1. These im-
ages are then represented as M ×N matrices Am,n and
Bm,n where m and n are row-column indices. Cross-
correlations matrices are calculated via
Am,n ∗Bm,n =
M∑
m′=−M
N∑
n′=−N
Am′,n′Bm+m′,n+n′ . (1)
Here, Am,n and Bm,n were taken to be M = 200×N =
200-pixel images under the CDW peak measured before
and after thermally cycling the sample, which include ∼
30−50 speckles. When Am,n and Bm,n have the same or
similar speckle patterns, the correlated intensity features
a peak that we sum over to obtain a single normalized
speckle cross-correlation coefficient [36–38]
ξ =
∑
speckle
Am,n ∗Bm,n( ∑
speckle
Am,n ∗Am,n
∑
speckle
Bm,n ∗Bm,n
)1/2 . (2)
In this equation,
∑
speckle
denotes summing over the peak
in the cross-correlation matrix, corresponding to just over
one speckle (∼ 4 × 16 pixels) in size. The value is nor-
malized by dividing by the auto-correlations of Am,n and
Bm,n, such that two identical images have ξ = 1. In
Fig. 4, we show ξ for various cycle temperatures show-
ing a transition from high to low speckle reproducibil-
ity well above the CDW ordering temperature. We fit
ξ versus Tcycle using an error function, which provides a
reasonable phenomenological description of the shape of
the transition. The onset temperature of de-correlation
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FIG. 4. Normalized speckle cross-correlation coefficient, ξ, of
data before and after temperature cycling to different values
of Tcycle. Images of 200 × 200 detector pixels were used for
this calculation. An error function fit gives a de-correlation
onset temperature of 240(3) K, which coincides with the LTO
structural phase transition. The red box indicates 24 K the
temperature where all the speckle images were sampled for
this figure. Error bars are estimated by taking the standard
deviation of repeated, nominally equivalent, measurements.
was 240(3) K, which coincides with the LTO structural
phase transition at TLTO = 236(5) K [39]. This tran-
sition involves rotations of the Cu-O octahedra around
the 〈110〉HTT direction and since nearest-neighbor octa-
hedra rotate in opposite directions, the unit cell volume
increases by a factor of two, with ao ≈ bo ≈
√
2a. Be-
low this threshold the majority of the speckles reproduce
with ξ = 0.84(9); above the transition ξ = 0.21(4), which
corresponds to the value expected in a random domain
distribution as estimated by computing ξ after flipping
one of the images about a horizontal axis. We further
confirmed that different regions within the speckle pat-
tern shown in Fig. 2(a) and data taken through another
pinhole reproduce the same phenomenology within error
bars.
DISCUSSION
This work establishes that the CDW domains are strik-
ingly reproducible upon temperature cycling well above
the LTT and CDW transitions, up to Tcycle = 240(3) K.
Disorder and structural distortions are present in almost
all cuprates and have been discussed extensively in con-
nection with CDW pinning in the cuprates [4, 22–28, 42].
In La2−xBaxCuO4 the most prominent form of disorder
is La/Ba cation substitution and the most obvious struc-
tural features come from the LTO and LTT phase domain
boundaries.
Random La/Ba distribution, or other forms of chemi-
cal disorder, appear to play a role in pinning the CDW
into a static ground state and in setting an upper limit
on the CDW correlation length [25–27, 32, 42]. Chemical
disorder such as this will, however, always be fixed at all
temperature considered in this study and therefore can-
not explain the sharp transition in the observed memory
effect upon cycling above 240 K.
In the context of structural CDW pinning, the impor-
tance of the LTT phase has been emphasized since the
discovery of CDW order in the cuprates [4]. This phase
features rows of oxygen atoms along the 〈100〉HTT direc-
tions displaced in/out of the CuO2 planes, which appear
particularly suitable for pinning [4, 21, 43]. The con-
comitance of the CDW and LTT transitions, as well as
the particularly long CDW correlation length in LBCO
and La1.6−xNd0.4SrxCuO4 relative to other cuprates such
as LSCO, is surely due to coupling between the LTT
and CDW phases [4, 8, 10, 30, 40, 41, 44, 45]. It is,
consequently, highly intriguing that the CDW memory
persists well above this transition. Figure 4 shows a
sharp cross-over from near-complete to minimal repro-
duciblity at 240(3) K. This threshold temperature coin-
cides with the LTO phase transition at 236(5) K [34, 39],
implying that the pinning configuration is effectively de-
termined at this phase transition, where octahedral tilts
break the four-fold symmetry of copper-oxide planes. At
this LTO transition LTO twin domain boundaries form.
Based on strain considerations, these are expected to oc-
cur along the 〈100〉HTT lattice directions, as confirmed
by transmission electron microscopy (TEM) imaging [46–
48]. Early structural studies of LBCO demonstrated that
the LTT and LTO tilt patterns can be conceptualized as
superpositions of one-another [21, 43] and superposition-
based arguments naturally justified the observation that
LTT-like tilts occur at LTO domain boundaries in the
cuprates [46–48]. This interaction opens the possibility
that the LTT domain boundary configuration can be in-
herited from the LTO domain boundary configuration.
This would explain how the CDW onset temperature co-
incides with the LTT transition, but the memory effect
matches the LTO transition.
Another significant observation is that, within the
CDW phase, the speckle locations do not change with
temperature (see Fig. 2), despite the fact that the CDW
correlation length varies with temperature [10, 30, 39,
40, 44]. This can be explained by uniform expansion of
CDW domains around their pinning centers on cooling,
as speckle locations are primarily dependent on the loca-
tions of the domains and largely insensitive to their size
(see Supplementary Information Section S3).
Almost all cuprates show some form of orthorhombic
structural symmetry breaking, so the CDW memory ef-
fects discovered here may well be shared by many differ-
ent cuprate species. Testing whether other cuprates, in-
cluding those without a LTT phase, show similar behav-
ior will be important in future work. We further empha-
size that the experimental configuration presented here,
in which sample drift problems are avoided by attaching
a mask directly to the sample, is also applicable to ap-
5plied current or laser excitation as well as to the magnetic
field dependent behavior studied previously in magnetic
alloys [36–38]. This complements what can be achieved
with scanning tunneling spectroscopy, which has supe-
rior spatial resolution, but is limited to cleaved surfaces
[24]. The use of coherence and resonant x-ray scatter-
ing further opens the possibility to study charge, spin
and orbital order parameters in other quantum materi-
als with better resolution than is possible with current
microdiffraction techniques [27].
In conclusion, we present the first application of co-
herent resonant soft x-ray speckle correlation analysis to
study the CDW domain hysteresis in LBCO 1/8. We
uncover remarkably reproducible CDW domain forma-
tion upon temperature cycling far above the 54 K CDW
transition, before the CDW pattern is almost completely
reconfigured by cycling above 240(3) K. The CDW or-
der, which is associated with the dramatic suppression of
superconductivity in this sample, experiences a pinning
landscape that is determined by structural domains that
form at the LTO phase transition. Our results open a new
route to studying the complex interplay between lattice
and charge degrees of freedom in quantum materials at
cryogenic temperatures.
METHODS
Sample preparation
Single crystals of LBCO 1/8 were grown using the
floating zone method, and characterized extensively in
previous studies [10, 11, 30, 41, 49], all indicating excel-
lent sample quality. A 2 µm gold (Au) film was evapo-
rated onto a free-standing 200 nm Si3N4 membrane. Ar-
rays of 10 µm asymmetric pinholes were drilled into the
film using a focused ion beam yielding the shape shown in
Fig. 1 (c) [50]. This assembly was pressed onto the LBCO
single crystal with Poly Methyl Methacrylate (PMMA)
as a glue. The excess PMMA that filled in the pinholes
was then removed using reactive ion etching. The re-
sulting sample was imaged in a JEOL 7600F scanning
electron microscope [Fig. 1, (b) and (c)]. In this pa-
per we index the crystal using the HTT unit cell where
a = b = 3.78 and c = 13.28 A˚. Correlation length here is
defined as a/HWHM where HWHM is the half width at
half maximum of the peak in r.l.u.
X-ray scattering and Imaging
Data were taken at the 23-ID-1 beamline at the Na-
tional Synchrotron Light Source II (NSLS II) which is op-
timized to deliver high coherent flux at the sample. The
beam was energy-dispersed in the vertical plane with a
grating and focused onto a 20 µm pinhole approximately
5 mm from the sample to which the Au mask with a
10 µm pinhole was attached. In this configuration, the
transverse coherence of the beam is greater than the ex-
tent of the illuminated region of the sample and the lon-
gitudinal coherence of the beam is of order 2 µm. The
X-ray energy was further tuned to the Cu L3 absorption
edge around 931 eV to enhance the signal from the CDW
peak. The positions of the pinholes were determined by
scanning the sample through the X-ray beam using the
LBCO Cu fluorescent yield. Data were collected using
a fast CCD [51] with a 30 × 30 µm2 pixel size placed
340 mm from the sample. Images were read out every
5 s for a total collection time of approximately 10 min.
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